Introduction {#s1}
============

An animal uses its sense of smell to navigate odor gradients, and to detect the threat or reward associated with an odor. In the nervous system, odorants are detected by olfactory receptor neurons (ORNs) whose axons organize centrally into glomeruli by olfactory receptor type ([@bib75]; [@bib74]). Uni- and multi-glomerular projection neurons (PNs) relay olfactory inputs to higher-order brain areas ([@bib69]; [@bib34]). Common between mammals and insects ([@bib73]; [@bib70]), PNs target two major brain centers, one associated with learning and memory (such as the mushroom bodies (MB) in insects), and another that mediates some innate behaviors (such as the lateral horn (LH) in insects) ([@bib16]; [@bib28]; [@bib69]; [@bib68]). Local neurons (LNs) mediate communication between glomeruli, implementing computations such as gain control ([@bib52]). While the connectivity of a few glomeruli has been recently partially reconstructed in the adult fly ([@bib60]), the complete number and morphology of cell types and the circuit structure with synaptic resolution is not known for any glomerular olfactory system.

In the *Drosophila* larva, we find a similarly organized glomerular olfactory system of minimal numerical complexity ([Figure 1a](#fig1){ref-type="fig"}). In this tractable system, each glomerulus is defined by a single, uniquely identifiable ORN ([@bib17]; [@bib40]), and almost all neurons throughout the nervous system are expected to be uniquely identifiable and stereotyped ([@bib39]; [@bib72]; [@bib33]; [@bib48]). Some of the olfactory LNs and PNs have already been identified ([@bib40]; [@bib71]; [@bib11]). This minimal glomerular olfactory system exhibits the general capabilities of the more numerically complex systems. For example, as in other organisms ([@bib19]; [@bib44]) and in the adult fly ([@bib5]; [@bib46]; [@bib30]), the output of the uniglomerular PNs tracks the ORN response ([@bib2]), which represents both the first derivative of the odorant concentration and the time course of the odorant concentration itself ([@bib65]). Like in the adult fly ([@bib52]) and zebrafish ([@bib79]), gain control permits the larval olfactory system to operate over a wide range of odorant concentrations ([@bib2]). The olfactory behaviors exhibited by the larva have been well studied (mostly in 2nd and 3rd instar larvae), in particular chemotaxis ([@bib8]; [@bib4]; [@bib24]; [@bib23]; [@bib65]; [@bib21]; [@bib29]), as well as the odor tuning and physiological responses of ORNs ([@bib17]; [@bib37]; [@bib2]; [@bib31]; [@bib43]; [@bib41]). Additionally the larva presents odor associative learning ([@bib22]). Obtaining the wiring diagram of all neurons synaptically connected to the ORNs would enable the formulation of system-level hypotheses of olfactory circuit function to explain the observed behavioral and functional properties. The reduced numerical complexity and dimensions of the larval olfactory system, the similarity of its organization and capabilities to other organisms, and the tractability of the larva as a transparent genetic model organism, make it an ideal model system in which to study the complete circuit architecture of a glomerularly organized olfactory processing center.10.7554/eLife.14859.003Figure 1.Overview of the wiring diagram of the glomerular olfactory system of the larval *Drosophila*.(**a**) Schematic of the olfactory system of the larval *Drosophila* with EM-reconstructed skeletons overlaid. The ORN cell bodies are housed in the dorsal organ ganglion, extend dendrites into the dome of the dorsal organ, and emit axons to the brain via the antennal nerve. Like in all insects, neuron cell bodies (circles) reside in the outer layer of the nervous system (grey), and project their arbors into the neuropil (white) where they form synapses. Also shown are the major classes of local neurons (Broad LNs, Picky LNs and Keystone) and the 2 classes of projection neurons (uPNs and mPNs). The arbors of the Broad LNs (black) specifically innervate the AL. LNs and mPN dendrites can extend into the subesophageal zone (SEZ), innervated by sensory neurons of other modalities. uPNs project to specific brain areas (mushroom body calyx and lateral horn; LH), and mPNs mostly project to other nearby brain areas. (**b**) The larva presents 21 unique olfactory glomeruli, each defined by a single ORN expressing a single or a unique pair of olfactory receptors. We reconstructed each ORN with a skeleton and annotated its synapses, here colored like the skeleton to better illustrate each glomerulus. See [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"} for individual renderings that aided in the identification of each unique ORN. (**c**) Summary connectivity table for the right antennal lobe with all major neuron classes (4 neuromodulatory neurons and the descending neuron from the brain were omitted), indicating the percent of postsynaptic sites of a column neuron contributed by a row neuron. For most neurons, the vast majority of their inputs originates in other neurons within the antennal lobe. In parentheses, the number of neurons that belong to each cell type. We show only connections with at least two synapses, consistently found among homologous identified neurons in both the left and right antennal lobes. Percentages between 0 and 0.5 are rounded down to 0. (**d**) Schematic of the innervation patterns of the main classes of LNs and PNs in the antennal lobe. White ovals represent the glomeruli. Solid circles are cell bodies. Shaded areas with dotted outlines represent the extent of the PN dendritic arbors, with each uPN (green) innervating one glomerulus and each mPN (blue) innervating multiple glomeruli. Their axons (arrows) project to the brain. Broad LNs (black) are axonless and present panglomerular arbors. Picky LN (orange) dendrites span multiple glomeruli and their axons (arrow; not shown) target a different yet overlapping set of glomeruli as well as regions outside the olfactory system. Choosy LNs are similar to the Picky LNs but their axons remain within the antennal lobe. (**e**) A simplified wiring diagram of the larval olfactory system with only the main connections. ORNs are excitatory. All shown LNs are inhibitory. Broad LNs reciprocally connect to all glomeruli and each other and thus engage in presynaptic inhibition (on ORNs) and postsynaptic inhibition (on uPNs). Picky LNs form a hierarchical circuit and selectively synapse onto mPNs. Another LN, Keystone, receives inputs from ORNs, one Picky LN and non-ORN sensory neurons, and can potentially alter the operational mode of the entire olfactory system by altering the pattern of inhibition (see text).**DOI:** [http://dx.doi.org/10.7554/eLife.14859.003](10.7554/eLife.14859.003)10.7554/eLife.14859.004Figure 1---figure supplement 1.Electron microscopy view of the antennal lobe of *Drosophila* larva.(**A**) Cross-section of the antennal lobe, with dorsal up and lateral to the left. Notice most of the antennal lobe is wrapped by glial cells (darker profiles), but these do not fully enclose it (not shown), opening towards the SEZ (bottom right). Individual glomeruli are not wrapped in glia like in other insects ([@bib50]), but glia do separate the antennal lobe from the neuronal somas and from nearby neuropils. ALT, antennal lobe tract. Corresponds to serial section 648 in the online volume, at bottom left (right antennal lobe from anterior view). (**B**) Magnification of the box in (**A**), showing an axon terminal of the 24a ORN synapsing onto the 24a uPN and multiple LNs. The dendrite of the 24a PN contains mitochondria, vesicles and presynaptic sites (magenta arrows), synapsing in this section onto e.g. one of the two Keystone LNs among others. The ORN axon bouton hosts multiple synapses (red arrows) with prominent ribbons or T-bars. The ORN boutons are packed with vesicles, giving them a darker appearance than surrounding PN and LN neurites; also contain numerous mitochondria (not shown in this image). Only some LNs are labeled for clarity; all neurites in this image were reconstructed. Blue arrows point to synapses of labeled LNs.**DOI:** [http://dx.doi.org/10.7554/eLife.14859.004](10.7554/eLife.14859.004)10.7554/eLife.14859.005Figure 1---figure supplement 2.A single, identified ORN for each glomerulus in the antennal lobe of the first instar larva.Each panel shows an EM-reconstructed arbor of an ORN (colored) over the background of a Broad LN Duet (grey). ORN synapses are rendered in the same color as the skeleton. To the left, all ORNs of each half of the antennal lobe are rendered together. The orientation (lateral to the left, dorsal up) and relative position of each ORN has been chosen to exactly match the arrangement in the supplementary [Figure 1](#fig1){ref-type="fig"} of [@bib40]), where each individual ORN was identified and labeled with GFP using genetic driver lines.**DOI:** [http://dx.doi.org/10.7554/eLife.14859.005](10.7554/eLife.14859.005)10.7554/eLife.14859.006Figure 1---figure supplement 3.EM-reconstructed arbors of all LNs.*Left* dorsal and posterior views of all LNs. The bundling of their primary axon tracts suggests that all LNs derive from 5 neuronal lineages (5 on the left and 5 on the right), shown in 5 different colors. *Right*, renderings of the left antennal lobe, posterior view. These identified neurons present similar morphology and connectivity in the right antennal lobe. Broad LNs are shown for reference. The morphology, cell body position and number of Choosy LNs matches that of the pair of GABAergic LNs described in [Figure 2](#fig2){ref-type="fig"} L--O of [@bib71]. Scale bar: a cell body measures about 4 micrometers in diameter.**DOI:** [http://dx.doi.org/10.7554/eLife.14859.006](10.7554/eLife.14859.006)

We reconstructed from electron microscopy all synaptic partners of the 21 ORNs for both the left and right antennal lobes of a first instar larva ([Figure 1b](#fig1){ref-type="fig"}; [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"} and [2](#fig1s2){ref-type="fig"}). Per side, we found 21 uniglomerular PNs (uPNs; one per glomerulus), 14 LNs, 14 multiglomerular PNs (mPNs), 4 neuromodulatory neurons, 6 subesophageal zone (SEZ) interneurons and 1 descending neuron ([Figure 1c,d](#fig1){ref-type="fig"}). These identified neurons present stereotyped connectivity when comparing the left and right antennal lobes. The lack of undifferentiated neurons in the 1st instar antennal lobe, and comparisons with light-microscopy images of other instars suggests that the 1st instar antennal lobe contains all the neurons present throughout larval life. Here, we analyze this complete wiring diagram on the basis of the known function of circuit motifs in the adult fly and other organisms and known physiological properties and behavioral roles of identified larval neurons. We found two distinct circuit architectures structured around the two types of PNs: a uniglomerular system where each glomerulus participates in a repeated, canonical circuit, centered on its uPN ([@bib55]); and a multiglomerular system where all glomeruli are embedded in structured, hetereogeneous circuits read out by mPNs ([Figure 1e](#fig1){ref-type="fig"}; \[[@bib11]\]). We also found that the inhibitory LNs structure a circuit that putatively implements a bistable inhibitory system. One state could compute odor saliency through panglomerular lateral inhibition, that is, by suppressing the less active glomeruli in favor of the more active ones. The other may enable select glomeruli, specialized for aversive odors, to respond to faint stimuli in a background of high, appetitive odor stimuli. We discuss the role of these two possible operational states and how neuromodulatory neurons and brain feedback neurons participate in the interglomerular circuits.

Results {#s2}
=======

Neurons of the olfactory system of *Drosophila* larva {#s2-1}
-----------------------------------------------------

We mapped the wiring diagram of the first olfactory neuropil of the larva by reconstructing the left and right ORNs and all their synaptic partners. We used a complete volume of the central nervous system (CNS) of a first instar larva, imaged with serial section electron microscopy (\[[@bib48]\]; see Materials and methods for online image data availability; [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). We reconstructed 160 neuronal arbors using the software CATMAID ([@bib61]; [@bib64]). All together, the 160 neurons add up to a total of 38,684 postsynaptic sites and 55 millimeters of cable, requiring about 600,000 mouse clicks over 736 hr of reconstruction and 431 hr of proofreading. Only 136 of 14,346 (0.9%) postsynaptic sites of ORNs remained as small arbor fragments (comprising a total of 0.25 millimeters of cable, or 0.5% of the total reconstructed) that could not be assigned to any neuron.

We sorted the 160 reconstructed neurons into 78 pairs of bilaterally homologous neurons and 4 ventral unpaired medial (VUM) neurons (2 are mPNs and 2 are octopaminergic \'tdc\' neurons; \[[@bib67]\]). These 78 pairs we further subdivided into 21 pairs of ORNs, 21 pairs of uPNs, 13 pairs of mPNs (plus 2 additional VUM mPNs), 14 pairs of LNs, 6 pairs of neurons projecting to the SEZ (\'SEZ neurons\'), 1 pair of descending neurons from the brain, 1 pair of serotonergic neurons (CSD; \[[@bib59]\]), and 1 pair of octopaminergic non-VUM neurons (\'lAL-1\'; \[[@bib67]\]).

The 14 pairs of LNs originate in 5 different lineages ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}). We assigned the same name to neurons of the same lineage, and numbered each when there is more than one per lineage. LNs connect to other neuron classes stereotypically in the two antennal lobes ([Figure 2](#fig2){ref-type="fig"}). We selected names reminiscent of either their circuit role or anatomical feature, including \'Broad\' to refer to panglomerular arbors; \'Picky\' and \'Choosy\' for LNs of two different lineages (and different neurotransmitter; see below) with arbors innervating select subsets of glomeruli; \'Keystone\' for a single pair that mediate interactions between LNs of different circuits; and \'Ventral LN\' for a single pair of LNs with ventral cell bodies. We also determined the neurotransmitters of LNs that were previously unknown ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). We introduce the properties of each LN type below with the olfactory circuits that they participate in.10.7554/eLife.14859.007Figure 2.Percentage of synapses of LNs from/onto specific cell types.The entry for each neuron presents two bars, for the left and right homologs. Top row, Broad LNs and Keystone. T: Trio, D: Duet. *Left*, differences between the Trio and Duet subtypes are evident in the fraction of inputs that originates in ORNs, uPNs and Keystone. The Duet subtype presents a far larger fraction of its inputs from ORNs, and barely receives any inputs from Keystone. By its pattern of inputs, Keystone resembles a Broad LN Trio neuron, except for the large fraction of non-ORN inputs and the inputs from Picky LNs (specifically from Picky LN 0). *Right*, note how the Trio subtype devote about 25% of their synapses to each other, whereas the Duet subtype preferrentially targets uPNs, providing postsynaptic inhibition to the glomeruli (both lateral and feedforward inhibition). Keystone differs from the Broad LNs in that it targets uPNs much more weakly, preferring instead the Broad LN Trio and a variety of other neurons. Bottom row, Picky LNs, Choosy LNs and Ventral LN. *Left*, the fraction of inputs from ORNs stands out as a large difference among Picky LNs, with Picky LN 3 and 4 receiving substantially fewer, similarly to Choosy LNs. The fraction of inputs received from other Picky LNs (green) is among the most distinguishing feature of Picky LN 0, which receives close to none. *Right*, in contrast to the similar patterns of inputs onto all Picky LNs, Picky LN 0 stands out as very different from other Picky LNs in its choice of downstream synaptic partners, spreading approximately evenly between ORNs, uPNs, mPNs, other Picky LNs and Keystone. Choosy LNs strongly prefer uPNs, being therefore strong providers of postsynaptic inhibition to glomeruli. Notice that Picky LNs, Choosy LNs and Ventral LN have a larger fraction of synapses to/from \'others\', with their arbors spreading towards adjacent sensory neuropils in the SEZ.**DOI:** [http://dx.doi.org/10.7554/eLife.14859.007](10.7554/eLife.14859.007)10.7554/eLife.14859.008Figure 2---figure supplement 1.Neurotransmitters of Keystone LN and Picky LNs.Genetic driver lines specific for Keystone LN (GAL4 line GMR27F08) and Picky LNs (split-GAL4 lines JRC_SS04499, JRC_SS04500, JRC_SS04260) driving GFP expression specifically in these neurons were labeled with anti-GABA and anti-vGlut (**A--U**), and also anti-Chat (all negative; not shown). Keystone presents immunoreactivity to anti-GABA (textbf A--C), and at least 4 of the 5 Picky LNs are positive to anti-vGlut and negative to anti-GABA (**D--U**). These neurons derive from the BAla2 lineage ([@bib11]). JRC_SS04260 drives expression specifically and uniquely a Picky LN, likely Picky LN 4, which presents anti-vGLut immunoreactivity (**P--R**). *Left* unlettered panels show the homologous identified EM-reconstructed neurons, with Broad LNs in grey for reference. Asterisks mark the location of cell bodies when there is not labeling, such as in panels **I**, **O** and **U**. Broad LNs and Choosy LNs are GABAergic (see [@bib71] at [Figure 2](#fig2){ref-type="fig"} D--G for Broad LNs and **L--O** for Choosy LNs).**DOI:** [http://dx.doi.org/10.7554/eLife.14859.008](10.7554/eLife.14859.008)

The uniglomerular system {#s2-2}
------------------------

In vertebrates and most arthropods, olfactory glomeruli are defined by a group of same-receptor ORNs converging onto a set of glomerular-specific PNs (mitral and tufted cells in the mouse and zebrafish olfactory bulb) ([@bib69]; [@bib63]; [@bib58]; [@bib75]; [@bib13]). In *Drosophila* larva, this system is reduced to a single ORN and a single uPN per glomerulus ([@bib55]; [@bib57]; [@bib40]). With one exception (35a, which has 2 bilateral uPNs), our EM-reconstructed wiring diagram is in complete agreement with these findings ([Figures 1b](#fig1){ref-type="fig"}, [3a](#fig3){ref-type="fig"}). Most of the larval uPNs project to both the MB and the LH ([Figure 3a](#fig3){ref-type="fig"}), like in the adult fly ([@bib69]; [@bib38]).10.7554/eLife.14859.009Figure 3.The uniglomerular circuit consists of 21 glomerular-specific projection neurons, which interact primarily with their corresponding ORN and with the 5 panglomerular LNs (Broad LNs), each an identified neuron.(**a**) Posterior view of the EM-reconstructed uPNs of the right antennal lobe. The dendrites of each uPN delineate the glomerular boundaries, and the axons project to both the mushroom body (required for learning and memory; \[[@bib42]\]) and the lateral horn (implicated in innate behaviors; \[[@bib12]\]). 19 uPNs are likely generated by the same neuroblast lineage BAmv3 ([@bib11]) (although the uPNs for 42a, 74a, and 67b are slightly separated from the rest), and the other two (the uPNs for 33a and 35a) clearly derive from two other neuroblasts. Notice that the 35a uPN is bilateral, ascends through a different tract, and receives additional inputs outside of the antennal lobe. The 33a uPN does not synapse within the calyx and the 82a uPN does not continue to the lateral horn. The left antennal lobe (not shown) is a mirror image of the right one. (**b**) Dorsal view of the EM-reconstructed, axonless Broad LNs (Duet in orange; Trio in blue) shown together and individually. All neurons are on the same lineage: BAlc ([@bib11]). The pre-(red) and post-(cyan) synaptic sites on these panglomerular neurons are fairly uniformly distributed. ORNs in grey for reference. These neurons extend posteriorly out of the olfactory glomeruli to receive synapses from 2 non-ORN sensory neurons that enter the brain via the antennal nerve. (**c**) Percentage of the total number of postsynaptic sites on the dendrite of an uPN, Broad LN or Choosy LN (columns) that originate in a given ORN or LN (rows) for the right antennal lobe. Since the 35a uPN is bilateral, we include inputs to it from both antennal lobes. We show only connections with at least two synapses, consistently found among homologous identified neurons in both the left and right antennal lobes. Percentages between 0 and 1 are rounded to 1, but totals are computed from raw numbers. The uniglomerular nature of uPNs (notice the green diagonal) and panglomerular nature of Broad LNs is evident. The Broad LN Duet generally contributes more synapses onto uPNs than the Broad LN Trio does. While the number of synapses that an ORN makes onto its uPN varies widely (24--120 synapses; see [Supplementary file 1](#SD1-data){ref-type="supplementary-material"} and [2](#SD2-data){ref-type="supplementary-material"}), this number is tailored to the size of the target uPN dendrite given that percentage of inputs the ORN contributes to the uPN is much less varied (mostly 45--65%). For an extended version of this table that includes all LNs, see [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}. (**d**) Both Broad LN types (Trio and Duet) mediate presynaptic inhibition (synapses onto ORN axons) similarly, but the Duet shows far stronger postsynaptic inhibition (synapses onto uPN dendrites) while the Trio receives far more dendro-dendritic synapses from uPNs. Connections among Broad LNs are not shown for simplicity. Each arrow is weighted linearly by the number of synapses for an average single Broad LN of each type. (**e**) The 5 Broad LNs that govern this circuit synapse reciprocally, with the Trio type synapsing more strongly onto each other. Shown here for the right antennal lobe with arrow thickness weighted by the square root of the number of synapses.**DOI:** [http://dx.doi.org/10.7554/eLife.14859.009](10.7554/eLife.14859.009)10.7554/eLife.14859.010Figure 3---figure supplement 1.Extended version of table in [Figure 3c](#fig3){ref-type="fig"}, including all other olfactory-related neurons.Tables show percent of postsynaptic sites of a column neuron contributed by a row neuron. We show only connections with at least two synapses, consistently found among homologous identified neurons in both the left and right antennal lobes. Percentages between 0 and 0.5 are removed. For bilateral neurons, inputs from both sides are included.**DOI:** [http://dx.doi.org/10.7554/eLife.14859.010](10.7554/eLife.14859.010)10.7554/eLife.14859.011Figure 3---figure supplement 2.Distribution of postsynaptic sites on the uPN dendrites.We show 5 examples, plotting the distance (along the cable) of individual postsynaptic sites (colored dots) to the axon initial segment of each uPN. The same type of presynaptic neuron presents the same color across all plots. Notice how Choosy LN inputs (red, framed in a red box) onto uPNs are generally more proximal to the axon initial segment than other inhibitory inputs such as from Broad LNs; particularly noticeable for 42a PN (top row) and 94 & 94b PN (bottom row). No noticeable difference exists between Broad LN Duet and Trio. Notice that the left 49a PN presents an arbor with two main dendrites, with one being further than the other from the axon initial segment, explaining the split in the distribution of distances of postsynaptic sites. While 67b PN (third row) does not receive inputs from Choosy LNs, the Picky LN 3 (light green), which specifically targets 67b PN and no other uPN, provides proximal inputs. Presynaptic neurons are ordered with the largest contributor at the bottom of each plot.**DOI:** [http://dx.doi.org/10.7554/eLife.14859.011](10.7554/eLife.14859.011)

Circuits for interglomerular inhibition {#s2-3}
---------------------------------------

In insects (adult fly, bee, locust) and in vertebrates, the excitation of glomeruli is under control of inhibitory LNs that mediate functions such as gain control, which define an expanded dynamic range of uPN responses to odors ([@bib62]; [@bib32]; [@bib52]; [@bib51]; [@bib79]). We found that most non-sensory inputs to the larval uPNs ([Figure 1c](#fig1){ref-type="fig"}) are from a set of 5 panglomerular, axonless, and GABAergic ([@bib71]) neurons that we named Broad LNs ([Figure 3b,c](#fig3){ref-type="fig"}; [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). These 5 Broad LNs also account for most inputs onto the ORN axons ([Figure 1c](#fig1){ref-type="fig"}), therefore being prime candidates for mediating both intra- and interglomerular presynaptic inhibition (onto ORNs) as observed in the adult fly with morphologically equivalent cells ([@bib76]; [@bib52]; [@bib51]; [@bib7]), and in the larva ([@bib2]).

We divided the 5 Broad LNs into two classes, Trio and Duet, based on the number of neurons of each type ([Figure 3b](#fig3){ref-type="fig"}). While both types provide panglomerular presynaptic inhibition (onto ORN axons), the Duet makes far more synapses onto the dendrites of the uPNs. This may indicate a far stronger role for the Broad LN Duet in postsynaptic inhibition (onto uPN dendrites; [Figure 3d](#fig3){ref-type="fig"}). In the adult fly, presynaptic inhibition implements gain control ([@bib52]), and postsynaptic inhibition plays a role in uPNs responding to the change in ORN activity ([@bib45]; [@bib30]). The two types of glomerular inhibition are provided by two separate cell types, and may therefore be modulated independently. For example, the uPNs emit dendritic outputs that primarily target the Broad LN Trio ([Figure 3d](#fig3){ref-type="fig"}), indicating that the output of the glomerulus contributes more to presynaptic than to postsynaptic inhibition. Similar excitatory synapses from uPNs to inhibitory LNs have been shown in vertebrates ([@bib56]), and synapses from PNs to LNs and vice versa have been described in the adult fly ([@bib60]).

Beyond their role in pre- and postsynaptic inhibition of ORNs and uPNs respectively, the Broad LNs synapse onto all neurons of the system, including other LNs and mPNs ([Figure 1c](#fig1){ref-type="fig"}, [Figure 2](#fig2){ref-type="fig"}). Therefore Broad LNs may be defining a specific dynamic range for the entire antennal lobe, enabling the system to remain responsive to changes in odorant intensities within a wide range. Importantly, Broad LNs also synapse onto each other ([Figure 3c,e](#fig3){ref-type="fig"}) like in the adult ([@bib49]; [@bib60]). Furthermore, the two types of Broad LNs have a different ratio of excitation and inhibition, originating in the preference of Trio to synapse far more often onto each other than onto Duet ([Figure 3e](#fig3){ref-type="fig"}, [Figure 2](#fig2){ref-type="fig"}). This suggests that the two types not only have different circuit roles but also have different properties.

Another GABAergic cell type, that we call the Choosy LNs (two neurons; [Figures 1c](#fig1){ref-type="fig"}, [3c](#fig3){ref-type="fig"}, [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}), contributes exclusively to postsynaptic inhibition for most glomeruli. Unlike the Broad LNs, Choosy LNs have a clear axon innervating most glomeruli, while their dendrites collect inputs from only a small subset of glomeruli ([Figure 3c](#fig3){ref-type="fig"}; [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}; [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). Therefore some glomeruli can drive postsynaptic inhibition of most glomeruli. Additionally, the inputs from Choosy LNs tend to be more proximal to the axon initial segment of the uPNs ([@bib25]) unlike those of Broad LNs which are more uniformly distributed throughout the uPN dendritic arbor ([Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). In the adult, ORNs tend to synapse at the most distal PN dendritic terminals, allowing for some LN inhibition to occur via synapses more proximal to the axon initial segment ([@bib60]). This pattern of spatially structured inputs suggests that different inhibitory LN types may exert different effects on uPN dendritic integration.

The multiglomerular system {#s2-4}
--------------------------

Parallel to the uniglomerular readout by the 21 uPNs, we found 14 multiglomerular PNs (mPNs; [Figure 4a](#fig4){ref-type="fig"}). Each mPN receives unique and stereotyped inputs from multiple ORNs ([Figure 4c](#fig4){ref-type="fig"}) or at least from one ORN and multiple unidentified non-ORN sensory neurons in the SEZ ([Figure 4a](#fig4){ref-type="fig"}). The mPNs originate in multiple neuronal lineages and project to multiple brain regions; most commonly the lateral horn (LH) but also regions surrounding the MB calyx. Of the 14 mPNs, three project to the calyx itself (mPNs b-upper, b-lower and C2) and another (mPN cobra) to the MB vertical lobe ([Figure 4a](#fig4){ref-type="fig"}). In addition to the 14 mPNs that project to the brain, we identified an extra 6 oligoglomerular neurons that project to the SEZ (SEZ neurons; [Figure 1c](#fig1){ref-type="fig"}; [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). A class of mPNs has been described in the adult fly ([@bib34]) but their projection pattern does not match any of the larval mPNs. In strong contrast to uPNs, mPNs are very diverse in their lineage of origin, their pattern of inputs, and the brain areas they target. A small subset of mPNs has been identified via light microscopy before ([@bib71]; [@bib11]).10.7554/eLife.14859.012Figure 4.The multiglomerular circuit consists of 14 mPNs that project to the brain and 5 Picky LNs, each an identified neuron.(**a**) Posterior view of EM-reconstructed mPNs that innervate the right antennal lobe (in color; uPNs in grey for reference), each receiving inputs from a subset of olfactory glomeruli but many also from non-ORN sensory neurons in the subesophageal zone (SEZ). Most mPNs (green) project via the same tract as the uPNs (mALT). They can project via other tracts (other colors), but never via the mlALT used by the iPNs of the adult *Drosophila*. The mPNs project to many regions including a pre-calyx area, a post-calyx area, the lateral horn (LH) and the mushroom body vertical lobe (MB vl). mPNs are generated by diverse neuroblast lineages including BAlp4, BAla1, and others ([@bib11]). (**b**) Dorsal view of the EM-reconstructed Picky LNs shown together and individually. When shown individually, the Picky LNs are in 2 colors: blue for the dendrites and soma, and green for the axon. Zoom in to observe that presynaptic sites (red) are predominantly on the axon, whereas postsynaptic sites (cyan) are mostly on dendrites. Collectively, the dendritic arbors of the 5 Picky LNs tile the olfactory glomeruli. The dendrites of the Picky LN 3 and 4 extend significantly into the SEZ. They all originate from the same neuroblast lineage: BAla2 ([@bib11]). (**c**) Percentage of the total number of postsynaptic sites on the dendrite of a mPN or Picky LN (column neuron) that originate from a given glomerulus or Picky LN (row neurons). Here we define the glomerulus as connections from the ORN or via dendro-dendritic synapses from a given ORN's uPN. This is most relevant for mPN A1, which can receive more synapses from an ORN's uPN than the ORN itself (see suppl. Adjacency Matrix). We show the inputs to the mPNs and Picky LNs for the right antennal lobe, but for all bilateral mPNs (bil.-lower, bil.-upper, and VUM) we include inputs from both sides. We show only connections with at least two synapses, consistently found among homologous identified neurons in both the left and right antennal lobes. Percentages between 0 and 1 are rounded to 1, but totals are computed from raw numbers. Connections in this table are stereotyped (when comparing the left and right antennal lobes) and selective. Note that mPNs that receive many inputs from non-ORN sensory neurons in the SEZ have a low total of ORN+uPN input. For an extended version of this table that includes all LNs see [Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}. (**d**) The direct upstream connectivity for two mPNs, with ORNs colored by the groups emerging from the PCA analysis of odor tuning. Connections from ORNs and Picky LNs to mPNs create 3 different types of motifs: *direct* excitatory connections from ORNs, *lateral* inhibitory connections from ORNs only via Picky LNs, and *feedforward loops* where an ORN connects both directly to the mPN and laterally through a Picky LN. Note that the activity of Picky LN 0 could alter the integration function for mPN A3 and indirectly for B2, as well as many other mPNs (not shown). Arrow thicknesses are weighted by the square root of the number of synapses between neurons. (**e**) The Picky LN hierarchy, dominated by Picky LN 0, here showing connections with 2 or more consistent synapses between bilaterally homologous neurons. Some of these connections are axo-axonic (see [Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}).**DOI:** [http://dx.doi.org/10.7554/eLife.14859.012](10.7554/eLife.14859.012)10.7554/eLife.14859.013Figure 4---figure supplement 1.Six SEZ neurons receive specific inputs from some ORNs and from some antennal lobe LNs.*Left*, EM-reconstruction of the 6 SEZ neurons (vine, cypress, clamp, spruce and ginkgo 1 and 2), with their axons labeled green and their dendrites blue. Presynaptic sites in red and postsynaptic sites in cyan. *Middle*, 3 of these SEZ neurons project to the same unidentified region of the SEZ. Spruce projects to a more posterior area. Lateral view, anterior to the left. *Right*, table of percent of postsynaptic sites of a column neuron contributed by a row neuron, illustrating how some ORNs and LNs specifically target these SEZ neurons. We show only connections with at least two synapses, consistently found among homologous identified neurons in both the left and right antennal lobes. Percentages between 0 and 0.5 are removed. Notice how Picky LNs 2, 3 and 4 synapse strongly onto SEZ neurons.**DOI:** [http://dx.doi.org/10.7554/eLife.14859.013](10.7554/eLife.14859.013)10.7554/eLife.14859.014Figure 4---figure supplement 2.Extended version of table in [Figure 4c](#fig4){ref-type="fig"}, including all other olfactory-related neurons.Tables show percent of postsynaptic sites of a column neuron contributed by a row neuron. We show only connections with at least two synapses, consistently found among homologous identified neurons in both the left and right antennal lobes. Percentages between 0 and 0.5 are removed. For bilateral neurons, inputs from both sides are included.**DOI:** [http://dx.doi.org/10.7554/eLife.14859.014](10.7554/eLife.14859.014)10.7554/eLife.14859.015Figure 4---figure supplement 3.principal component analysis of odors leading to a principled clustering of orns.(**a**) Clustering of odors by odorant-descriptor. Results of K-means clustering of odors in the 32 dimensional odor-descriptor space proposed in [@bib26]. Odors cluster into five groups that are well correlated with odor chemical type (alcohols, aromatics, esters, pyrazines, and others). (**b--e**) Clustering of odors by ORN response. (**b**) The variance explained for the odors in ORN response space as a function of the number of principal components (dimensions). The \'elbow\' of this curve is composed of the principal components used for the clustering analysis of the odors by ORN-response. (**c**) How the odors span the space of the first 3 principal components of ORN response space. The odors are individual points colored by which of the five clusters, calculated via an affinity propagation clustering algorithm, they belong to. (**d**) How each of the odors fit into the clusters in ORN response space. Each cluster tends to group odors of similar chemical type. (**e**) The ORNs that represent the centroid of each cluster, calculated using a threshold obtained via Otsu's method. See Materials and methods for further details.**DOI:** [http://dx.doi.org/10.7554/eLife.14859.015](10.7554/eLife.14859.015)10.7554/eLife.14859.016Figure 4---figure supplement 4.Pattern of ORN inputs onto Picky LNs.(**a**) The connections of ORNs onto the hierarchy of Picky LNs. ORNs are colored by the groups emerging from the PCA analysis of odor tuning. Inhibitory connections from Picky LNs are shown in black (only connections with 2 or more synapses among bilaterally homologous neuron pairs are show). Excitatory connections from ORNs are shown in grey (only connections with 4 or more synapses among bilaterally homologous neuron pairs are shown). See [Supplementary file 1](#SD1-data){ref-type="supplementary-material"} and [2](#SD2-data){ref-type="supplementary-material"} (containing the adjacency matrices) for the complete set of connections. The thickness of the arrows is proportional to the square root of the number of synapses. Some of these connections are axo-axonic (see **c**). (**c**) ORNs can synapse onto the Picky neurons at either their dendrites or their axons. This table shows values from -1 to 1 based on the written formula. Values between -1 and 0 correspond to the ORN synapsing more to the axon of the Picky LN than the dendrite, and values between 0 and 1 correspond to the ORN synapsing more to the dendrite of the Picky LN than the axon. Only consistent connections between ORNs and Picky dendrites or ORNs and Picky axons with a threshold of at least 2 consistent synapses per side are used to calculate these ratios. For values that are not 1 or -1, the value can differ from side to side. Because the threshold is lowered from that of *A*, more connections appear, but since we only consider connections consistent in how they connect to the Picky LNs (to dendrite or axon), some of the weakest connections also drop out compared to **a**. (**c**) The Picky LN hierarchy shown with the Picky LNs split into axon and dendrite, showing that not all connections are from the axon of a Picky LN to the dendrites of another. We are only showing connections that are consistent both in their motif (axo-axonic, dendro-dendritic, etc) and with a consistent threshold of 2 synapses on both sides. Because these criteria are more stringent than those used in **a**, some connections drop out (such as Picky LN 4 to Picky LN 3).**DOI:** [http://dx.doi.org/10.7554/eLife.14859.016](10.7554/eLife.14859.016)

In addition to inputs from Broad LNs ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}), mPNs also receive up to 26% of inputs from 5 stereotypically connected, oligoglomerular LNs that we call Picky LNs ([Figure 4b,c](#fig4){ref-type="fig"}). While both Choosy LNs and Picky LNs are oligoglomerular and present distinct axons, the Choosy LNs are GABAergic whereas at least 4 of the 5 Picky LNs are instead glutamatergic ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"} for Picky LNs and [Figure 2](#fig2){ref-type="fig"} panels L-O in ([@bib71]) for Choosy LNs; see also Supp. Fig. 2 of [@bib11]). The difference in neurotransmitter is consistent with Picky LNs deriving from a different lineage than Choosy LNs ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}). In addition, the two Choosy LNs present indistinguishable connectivity, whereas each Picky LN has its own preferred synaptic partners (see [Supplementary file 1](#SD1-data){ref-type="supplementary-material"} and [2](#SD2-data){ref-type="supplementary-material"}). Additionally, unlike the Choosy LNs, Picky LNs rarely target uPNs ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). Glutamate has been shown to act as a postsynaptic inhibitory neurotransmitter in the adult fly antennal lobe for both PNs and LNs ([@bib36]), and therefore in larva, Picky LNs may provide inhibition onto both mPNs and other LNs. Unlike the Broad LNs, which are panglomerular and axonless, the Picky LNs present separated dendrites and axons ([Figure 4b](#fig4){ref-type="fig"}). Collectively, Picky LN dendrites roughly tile the antennal lobe ([Figure 4b](#fig4){ref-type="fig"}). While some Picky LN axons target select uPNs, about 40% of Picky LN outputs are dedicated to mPNs or each other ([Figure 4c](#fig4){ref-type="fig"}; [Figure 2](#fig2){ref-type="fig"}). Similarly to the mPNs, Picky LNs 2, 3, and 4 receive inputs from unidentified non-ORN sensory neurons in the SEZ ([Figure 4b](#fig4){ref-type="fig"}, [Figure 2](#fig2){ref-type="fig"}).

Given that ORNs present overlapping odor tuning profiles ([@bib31]), we applied dimensionality-reduction techniques and discovered that ORNs cluster into 5 groups by odorant preference ([Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}; see the Materials and methods section for more detail). This helped interpret the pattern of ORNs onto Picky LNs and mPNs. We found that some Picky LNs aggregate similarly responding ORNs ([Figure 4d](#fig4){ref-type="fig"}; [Figure 4---figure supplement 4](#fig4s4){ref-type="fig"}). For example, Picky LN 2 receives inputs preferentially from ORNs that respond to aromatic compounds, and Picky LN 3 and 4 similarly for aliphatic compounds (esters and alcohols; [Figure 4---figure supplement 4](#fig4s4){ref-type="fig"}). On the other hand, Picky LN 0 and 1 aggregate inputs from ORNs from different clusters, suggesting that these Picky LNs may select for ORNs that are similar in a dimension other than odorant binding profile.

The stereotyped and unique convergence of different sets of ORNs onto both mPNs and Picky LNs, and the selective connections from Picky LNs to mPNs, suggest that each mPN responds to specific features in odor space, defined by the combinations of ORN and Picky LN inputs. These features are implemented through direct excitatory connections from ORNs or indirect inhibitory connections via Picky LNs (lateral inhibition; [Figure 4d](#fig4){ref-type="fig"}). Some ORNs affect the activity of the same mPN through both direct excitatory and lateral inhibitory connections through Picky LNs (incoherent feedforward loop, ([@bib1]); [Figure 4d](#fig4){ref-type="fig"}). The combination of these motifs may enable an mPN to respond more narrowly to odor stimuli than the ORNs themselves, many of which are broadly tuned ([@bib31]), or to respond to a combinatorial function of multiple ORNs that describe an evolutionarily learned feature meaningful for the larva.

For example, one mPN (A1) reads out the total output of the uniglomerular system by integrating inputs across most ORNs and uPNs ([Figure 4c](#fig4){ref-type="fig"}). Another mPN (B2) could respond to the linear combination of ORNs sensitive to aromatic compounds (direct connections), but its response could change in the presence of alcohols and esters due to feedforward loops ([Figure 4d](#fig4){ref-type="fig"}). And mPNs A3 and B3 both collect inputs from ORNs ([Figure 4c,d](#fig4){ref-type="fig"}) known to respond to aversive compounds (22c, 45b, 49a, 59a, and 82a; \[[@bib31]; [@bib15]\]) or whose ORN drives negative chemotaxis (45a; \[[@bib4]; [@bib29]\]). Additionally, mPN B3 receives inputs from 33a, an ORN whose receptor lacks a known binding compound, and therefore is likely narrowly tuned to other ecologically relevant odorants as was shown for 49a and the pheromone of a parasitic wasp ([@bib15]). The connectivity patterns of the 14 types of mPNs are vastly diverse from each other and likely each one extracts different features from odor space, often integrating inputs from non-ORN sensory neurons as well.

In contrast to the all-to-all connectivity of the Broad LNs, the Picky LNs synapse onto each other in a selective, hierarchical fashion ([Figure 4e](#fig4){ref-type="fig"}). The structure of the Picky LN hierarchy suggests that Picky LNs 0 and 3 can operate in parallel, while the activity of the other Picky LNs is dependent on Picky LN 0 ([Figure 4e](#fig4){ref-type="fig"}). These connections among Picky LNs include axo-axonic connections, and some Picky LNs receive stereotypic ORN inputs onto their axons ([Figure 4---figure supplement 4](#fig4s4){ref-type="fig"}). The stereotyped hierarchy among Picky LNs defines yet another layer of computations in the integration function of each mPN.

Non-ORN sensory neurons and interactions among LNs could alter the operational state of the olfactory system {#s2-5}
------------------------------------------------------------------------------------------------------------

Picky LN 0 not only dominates the Picky LN hierarchy, and with it the multiglomerular system, but also may dramatically alter the inhibition of the entire olfactory system. This is because the main synaptic target of Picky LN 0 ([Figure 2](#fig2){ref-type="fig"}) is a bilateral, axonless, GABAergic LN called Keystone ([Figure 5a](#fig5){ref-type="fig"}; [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}), which in turn strongly synapses onto the Broad LN Trio--a major provider of presynaptic inhibition ([Figure 5b](#fig5){ref-type="fig"}). Interestingly, Keystone is also a major provider of presynaptic inhibition, but selectively avoids some glomeruli ([Figure 5c](#fig5){ref-type="fig"}; [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). Therefore the wiring diagram predicts that these two parallel systems for presynaptic inhibition can directly and strongly inhibit each other ([Figure 5b](#fig5){ref-type="fig"}): homogeneous across all glomeruli when provided by the Broad LN Trio, and heterogeneous when provided by Keystone ([Figure 5c](#fig5){ref-type="fig"}). In conclusion, the circuit structure and the known synaptic signs predict that Picky LN 0 can promote a state of homogeneous presynaptic inhibition by disinhibiting the Broad LN Trio ([Figure 5d](#fig5){ref-type="fig"}).10.7554/eLife.14859.017Figure 5.The wiring diagram suggests two operational states: homogeneous or heterogeneous presynaptic inhibition.(**a**) Posterior view of the EM-reconstructed neurons innervating the left antennal lobe that could govern the switch (uPNs in grey and right ORNs in dark grey for reference). The Keystone LN (blue) has a symmetric bilateral arbor and additionally innervates the SEZ, receiving inputs from non-ORN sensory neurons (in black). Neuromodulatory neurons that make direct morphological synapses onto LNs are serotonergic (CSD in pink; projects contralaterally after collecting inputs from near the MB calyx) and octopaminergic (lAL-1 and two tdc, in dark and light green), and all arborize well beyond the antennal lobe. Also included is Picky LN 0 (red). (**b**) A wiring diagram outlining the strong LN-LN connections, showing the core reciprocal inhibition between Broad LN Trio and Keystone that could mediate the switch between homogeneous (panglomerular) presynaptic inhibition and heterogenous (selective) presynaptic inhibition. For simplicity, neurons are grouped together if they belong to the same neuron type, with the number of neurons belonging to each group indicated in parentheses. Connections are weighted by the square root of the number of synapses between groups of neurons. The self-arrow for the Broad LN Trio represents the average number of synapses that one of the Trio neurons receives from the other two. Picky LN 0 inhibits Keystone, thereby disinhibiting the Broad LN Trio and promoting homogeneous presynaptic inhibition. The maxillary nerve sensory neurons are the top input providers of Keystone and may drive the system towards heterogeneous presynaptic inhibition (see C). The effect of direct inputs from neuromodulatory neurons is unknown, but at least it has been suggested that octopaminergic neurons may have an excitatory effect on inhibitory LNs ([@bib35]). (**c**) Cartoon of glomeruli colored by the percentage of inputs onto ORN axon terminals provided by the Broad LN Trio and from Keystone, indicating the amount of presynaptic inhibition (onto ORNs) in either state. The inhibition provided by Broad LN Trio is much more uniform than the inhibition provided by Keystone. Dotted lines indicate glomeruli that receive Picky LN 0 input on either the ORN or uPN. (**d**) The LNs putatively active in each state. (**e**) Unlike other Picky LNs, Picky LN 0 makes synapses onto ORN axon terminals and many uPNs. Here connections with 2 or more synapses consistent between bilaterally homologous neuron pairs are shown. Arrow thicknesses are weighted by the square root of the number of synapses between neurons. With the exception of 45a, all shown ORNs and uPNs belong to glomeruli that synapse onto Picky LN 0 as well. Thus Picky LN 0 provides both pre- and postsynaptic inhibition to a small set of glomeruli.**DOI:** [http://dx.doi.org/10.7554/eLife.14859.017](10.7554/eLife.14859.017)10.7554/eLife.14859.018Figure 5---figure supplement 1.EM-reconstructed arbor of the descending neuron.Renderings of the left antennal lobe, posterior view. This identified neuron exists in the left and right antennal lobes, presenting similar morphology and connectivity in the right antennal lobe. Broad LNs and uPNs are shown for reference. Scale bar: a cell body measures about 4 micrometers in diameter.**DOI:** [http://dx.doi.org/10.7554/eLife.14859.018](10.7554/eLife.14859.018)

The alternative state of heterogeneous presynaptic inhibition implemented by Keystone could be triggered by select non-ORN sensory neurons that synapse onto Keystone in the SEZ ([Figure 5a,b](#fig5){ref-type="fig"}). These non-ORN sensory neurons are the top inputs of Keystone and do not synapse onto any other olfactory LN. In contrast, ORNs that synapse onto Keystone also synapse onto the Broad LN Trio ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}), suggesting a role for non-ORN sensory inputs in tilting the balance towards Keystone and therefore the heterogeneous state. However, the subset of ORNs that also synapse onto Picky LN 0 ([Figure 4c](#fig4){ref-type="fig"}) could oppose the effect of the non-ORN sensory neurons by inhibiting keystone and therefore disinhibiting the Broad LN Trio.

Neuromodulatory neurons could also affect the balance between Keystone and Broad LN Trio. Beyond the possible effect of volume release of serotonin ([@bib9]) and octopamine ([@bib35]; [@bib66]) within the olfactory system, we found that these neuromodulatory neurons synapse directly and specifically onto Keystone or Broad LN Trio, respectively ([Figure 5b](#fig5){ref-type="fig"}). Beyond non-ORN inputs, ORNs synapse selectively onto these neuromodulatory neurons. Two ORNs (74a and 82a) synapse onto the serotonergic neuron CSD ([@bib59]), and five ORNs (42b, 74a, 42a, 35a and 1a) onto an octopaminergic neuron (lAL-1; see Figure 4k in [@bib67]), suggesting that specific ORNs may contribute to tilting the balance between homogeneous and heterogeneous presynaptic inhibition via neuromodulation.

The only other provider of panglomerular presynaptic inhibition is the Broad Duet, which is the main provider of panglomerular postsynaptic inhibition. These neurons may operate similarly in both states given that they are inhibited by both Keystone and Broad LN Trio ([Figure 1c](#fig1){ref-type="fig"}). The higher fraction of inputs from Broad LN Trio onto Duet might be compensated by the fact that the Trio LNs inhibit each other ([Figures 3e](#fig3){ref-type="fig"}, [5b](#fig5){ref-type="fig"}), whereas the two Keystone LNs do not ([Figure 5b](#fig5){ref-type="fig"}). Therefore, potentially the Broad LN Duet could be similarly active in either state ([Figure 5d](#fig5){ref-type="fig"}).

Some glomeruli are special-purpose {#s2-6}
----------------------------------

The possibility of heterogeneous presynaptic inhibition promoted by Keystone suggests that some ORNs can escape divisive normalization of their outputs relative to the rest. Not surprisingly, one such ORN is 49a ([Figure 5c](#fig5){ref-type="fig"}), which is extremely specific for the sexual pheromone of a parasitic wasp that predates upon larvae ([@bib15]). The other two ORNs that escape fully are 1a and 45b. 1a activation drives negative chemotaxis (Hernandez-Nuñez et al., unpublished). 45b senses compounds that elicit negative chemotaxis in larvae ([@bib31]). These three ORNs, and in particular 49a, are under strong postsynaptic inhibition by both Broad LN Duet and Choosy LNs ([Figure 3c](#fig3){ref-type="fig"}). In summary, reducing presynaptic inhibition in these 3 ORNs may enable larvae to perceive odors evolutionarily associated with life-threatening situations less dependently of the response intensity of other ORNs (i.e. overall odorant concentration). This is consistent with the finding that responses to aversive odors may rely on specific activity patterns in individual ORNs ([@bib20]). The strong postsynaptic inhibition might be instrumental for their corresponding uPN to respond to the derivative of the ORN activity (with an incoherent feedforward loop; \[[@bib1]\]), as shown in the adult fly ([@bib30]), facilitating detection of concentration changes.

A key neuron in tilting the balance between homogeneous and heterogeneous presynaptic inhibition in the Broad-Keystone circuit is Picky LN 0 ([Figure 5b](#fig5){ref-type="fig"}). Remarkably, one of the two top ORN partners of Picky LN 0 is ORN 42a ([Figure 4c](#fig4){ref-type="fig"}), the strongest driver of appetitive chemotaxis in larvae ([@bib17]; [@bib2]; [@bib65]; [@bib29]). The connections of Picky LN 0 extend beyond that of other oligoglomerular LNs, and include both pre- and postsynaptic inhibition of a small subset of glomeruli, including 42a ([Figure 5e](#fig5){ref-type="fig"}). The wiring diagram therefore indicates that Picky LN 0, a likely glutamatergic LN, engages in seemingly contradictory circuit motifs: simultaneously inhibiting specific ORNs and their uPNs, while also disinhibiting them by inhibiting Keystone. The suppression of Keystone disinhibits the Broad LN Trio and therefore promotes homogeneous inhibition. However this is further nuanced by reciprocal connections between Picky LN 0 and Broad LN Trio ([Figure 5b](#fig5){ref-type="fig"}). This push-pull effect of glutamatergic LNs on PNs has been described for the olfactory system of the adult fly as conducive to more robust gain control and rapid transitions between network states ([@bib36]). This refined control could endow Picky LN 0-innervated glomeruli like 42a ([Figure 5e](#fig5){ref-type="fig"}) with the ability to better detect odor gradients, consistent with 42a being a strong and reliable driver of appetitive chemotaxis ([@bib17]; [@bib2]; [@bib65]).

Picky LN 0 and its push-pull effect on PNs not only can have an effect on positive chemotaxis but also on negative. A clear example is the 82a glomerulus (known to respond to an aversive odor that drives negative chemotaxis \[[@bib31]\]) which lacks a well-developed uPN but engages in strong connections with mPNs such as A3 ([Figure 4c,d](#fig4){ref-type="fig"}). We found that, like for the appetitive case of 42a, Picky LN 0 engages in both presynaptic inhibition onto 82a ORN and also postsynaptic inhibition onto mPN A3, one of the top PNs of 82a ORN. And like other ORNs mediating aversive responses (e.g 49a), the 82a uPN is also under strong postsynaptic inhibition ([Figure 3c](#fig3){ref-type="fig"}).

Finally, we found evidence that an individual glomerulus can have a global effect on the olfactory system. All LNs (except Picky LN 3) receive inputs from Ventral LN ([Figure 1c](#fig1){ref-type="fig"},[Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}), an interneuron of unknown neurotransmitter, which is primarily driven by the 13a glomerulus. This suggest that 13a, an ORN sensitive to alcohols ([@bib31]), could potentially alter the overall olfactory processing.

Feedback from the brain {#s2-7}
-----------------------

In the mammalian olfactory bulb, descending inputs from the brain target granule cells (the multiglomerular inhibitory LNs), shaping the level of inhibition ([@bib3]). In addition to descending neuromodulatory neurons (CSD; [Figure 5a](#fig5){ref-type="fig"}), in the larva we found a descending neuron ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}) that targets specific mPNs and LNs ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}). In addition to other mPNs, this descending neuron targets the two mPNs that we postulate are aversive (mPNs A3 and B3). Together with the axo-axonic inputs it receives from 45a ORN (an aversive ORN, \[[@bib4]; [@bib29]\]), this descending neuron is associated with the processing of aversive stimuli. Additional descending neurons affecting PNs and LNs might exist but were beyond the scope of this study, where we focused on neurons directly synapsing with ORNs.

Discussion {#s3}
==========

The glomerular olfactory system of the larva develops in a similar fashion to the vertebrate olfactory bulb where the afferents (i.e. ORNs) organize the central neurons, unlike in the adult fly ([@bib54]). In zebrafish, GABAergic LNs provide depolarizing currents to PNs (mitral cells) via gap junctions at low stimulus intensities, enhancing low signals, and inhibit the same PNs at high stimulus intensity via GABA release, implementing a form of gain control ([@bib79]). This role is played by a class of panglomerular excitatory LNs in the adult fly that make gap junctions onto PNs and excite inhibitory LNs ([@bib78]). In the larva, all panglomerular neurons are GABAergic; if any were to present gap junctions with uPNs, a cell type for gain control in larva would be equivalent to the one in zebrafish. Particularly good candidates are the Broad LN Duet, which provide the bulk of feedforward inhibitory synapses onto uPNs in larva. Interestingly, postsynaptic inhibition might not be mediated by GABA in the adult fly (supp. fig. 5 in [@bib52]\]), rendering olfactory circuits in larva more similar to vertebrates. Presynaptic inhibition exists both in the adult fly and, as suggested by the present work, in larva, and is mediated by the same kind of panglomerular GABAergic neurons (the Broad Trio LNs in larva; and see \[[@bib52]\]).

The uniglomerular circuit is the most studied in all species both anatomically and physiologically. We found that each uPN receives an unusually large number of inputs from an individual ORN compared to other sensory systems in the larva ([@bib48]). This large number of morphological synapses could be interpreted as a strong connection, which would support faster or more reliable signal transmission. In the adult fly, the convergence of multiple ORNs onto an individual PN enables both a fast and reliable PN response to odors ([@bib5]). The temporal dynamics of crawling are far slower than that of flying, and therefore we speculate that the integration over time of the output of a single ORN might suffice for reliability, demanding only numerous synapses to avoid saturation.

Positive, appetitive chemotaxis involves odor gradient navigation, leading to a goal area where food is abundant which may overwhelm olfaction. We postulate that navigation and feeding correspond to the homogeneous and heterogeneous states of presynaptic inhibition that we described. During navigation, homogeneous presynaptic inhibition (via Broad LN Trio) could best enhance salient stimuli and therefore chemotaxis, enabling the olfactory system to operate over a wide range of odorant intensities ([@bib2]). During feeding, strongly stimulated ORNs could scale down the inputs provided by other, less stimulated, ORNs. In other words, if homogeneous presynaptic inhibition persisted during feeding, the larvae would lose the ability to detect important odorants that are likely to be faint, for example the scent of a predator such as a parasitic wasp via 49a ([@bib15]). The larva can selectively release presynaptic inhibition via Keystone, which provides presynaptic inhibition to appetitive glomeruli while also inhibiting the Broad LN Trio--the major providers of panglomerular presynaptic inhibition. So the larva could feed and remain vigilant to evolutionarily important cues at the same time. Not surprisingly, the switch might be triggered by neuromodulatory neurons and non-ORN sensory neurons, potentially gustatory, that synapse onto Keystone.

In addition to the uniglomerular system that is present across multiple vertebrate and invertebrate species ([@bib63]; [@bib75]; [@bib74]), we found, in the *Drosophila* larva, a multiglomerular system that presumably performs diverse processing tasks already at the first synapse. One such task could be the detection of concentration gradients for some odorant mixtures, suggesting an explanation for the observation that some ORNs can only drive chemotaxis when co-activated with other ORNs ([@bib17]). Similar glomerular-mixing circuits have been described in higher brain areas (lateral horn) of the fly ([@bib77]; [@bib18]) and of mammals ([@bib68]). We hypothesize that in the larva, the morphological adaptations to a life of burrowing might have led to specific adaptations, relevant to an animal that eats with its head, and therefore the dorsal organ housing the ORNs, immersed in food. It is perhaps not surprising that we found multisensory integration across ORNs and non-ORNs (likely gustatory) already at the first synapse. And we hypothesize that the pooling of chemosensors (ORNs and non-ORNs) onto mPNs and Picky LNs may be related to the reduction in the number of ORNs relative to insects with airborne antennae.

With our complete wiring diagram of this tractable, transparent model system and genetic tools for manipulating and monitoring the activity of single identified neurons, we have now the opportunity to bridge the gap between neural circuits and behavior ([@bib6]).

Materials and methods {#s4}
=====================

Electron microscopy and circuit reconstruction {#s4-1}
----------------------------------------------

We reconstructed neurons and annotated synapses in a single, complete central nervous system from a 6-h-old *$\lbrack{iso}\rbrack$ Canton S G1 x $w^{1118}$* larva imaged at 4.4 x 4.4 x 50 nm resolution, as described in [@bib48]. The volume is available at <http://openconnecto.me/catmaid/>, titled "\'acardona_0111_8\'. To map the wiring diagram we used the web-based software CATMAID ([@bib61]), updated with the novel suite of neuron skeletonization and analysis tools ([@bib64]), and applied the iterative reconstruction method described in [@bib48]; [@bib64].

Immunolabeling and light microscopy {#s4-2}
-----------------------------------

CNS was dissected from 3rd instar larvae. 4% formaldehyde was used as fixative for all antibodies except anti-dVGlut that required bouin fixation ([@bib14]). After fixation, brain samples were stained with rat anti-flag (1:600, Novus Biologics) and chicken anti-HA (1:500, Abcam, ab9111) for labeling individual neurons in the multi-color flip-out system ([@bib47]), while mouse anti-Chat (1:150, Developmental Studies Hybridoma Bank, ChaT4B1) and rabbit anti-GABA (1:500, Sigma A2052, Lot\# 103M4793) or anti-dVGlut ([@bib10]) were used for identifying neurotransmitters. Antibodies were incubated at 4°C for 24 hr. Preparations were then washed 3 times for 30 min. each. with 1% PBT and then incubated with secondary antibodies (including: goat anti-Mouse Alexa Fluor 488, goat anti-rabbit Alexa Fluor 568, donkey anti-rat Alexa Fluor 647, Thermofisher; and goat anti-chicken Alexa Fluor 405, Abcam) at 1/500 dilution for 2 hr at room temperature, followed by further washes. Nervous systems were mounted in Vectashield (Vector Labs, Burlingame, CA) and imaged with a laser-scanning confocal microscope (Zeiss LSM 710).

Clustering of ORNs by PCA of their responses to odors {#s4-3}
-----------------------------------------------------

Extensive screens have been conducted to identify which odorants activate each ORN ([@bib31]; [@bib43]; [@bib41]). These data can be used as a starting point to determine whether the multiglomerular circuit extracts relevant components of odorant physical descriptor space, that is, the chemical structure of the odorant as sampled by ORNs. Using the data from ([@bib31]) and ([@bib43]), we conducted a dimensionality reduction via PCA followed by a clustering analysis, and then used the data from ([@bib41]) to verify our findings. To determine how ORNs encode odors we followed the PCA analysis in ORN space performed in ([@bib27]) adding the data of pyrazines from ([@bib43]). Then, using the Scree test we selected the first 3 components of the PCA as the relevant ones to use for clustering, and we ran the clustering minimization using the affinity propagation algorithm (which doesn't require the number of clusters as an input) ([Figure 4---figure supplement 3b,c](#fig4s3){ref-type="fig"}). Four of the obtained clusters correspond very well with odorant type (alcohols, aromatics, esters, and pyrazines; [Figure 4---figure supplement 3d](#fig4s3){ref-type="fig"}). The fifth cluster is mixed and mainly includes odorants with very low or no ORN response. Consistent with that, k-means clustering in the 32-dimensional odorant physical descriptor space described in ([@bib26]) results in 5 clusters, 4 of them matching the non-mixed clusters obtained in ORN space ([Figure 4---figure supplement 3a](#fig4s3){ref-type="fig"}).

To determine which ORNs encode the regions of each cluster, we projected back the centroid of each cluster onto ORN space using the inverse transformation ([Figure 4---figure supplement 3e](#fig4s3){ref-type="fig"}). Different subsets of ORNs were more likely to encode each cluster. The projections of the cluster centroids in ORN space are not discrete numbers; in order to make these results easier to interpret a threshold can be established to determine which ORNs encode a cluster centroid and which ones don't. A suitable approach is to use Otsu's method, which can be considered a one-dimensional discrete analog of Fisher's discriminant analysis ([@bib53]). We obtained a threshold of 0.4725, which we used to determine the ORNs that encode each cluster (dashed red line in [Figure 4---figure supplement 3e](#fig4s3){ref-type="fig"}).

In ([@bib41]) a set of odorants that specifically activate single ORNs at low concentrations were identified. These data can easily be used to cross-validate the predicted receptive field of the different ORNs in our analysis. Four of the odorants tested were alcohols and activated Or13a, 35a, 67b and 85c all of which are in our alcohols group. Other three were aromatics and activated Or22c, 24a and 30a, which are all in our aromatics group. One was a pyrazine and activated Or33b which is in our pyrazine group. Finally pentyl acetate (an ester) activated 47a which is in our esters group. The other odorants in ([@bib41]) were in regions of odor space (mostly ketones and aldehydes) that were not sampled in ([@bib31]) or ([@bib43]) and therefore their responses cannot be predicted with our analysis. As more datasets are collected, approaches like the one we present here can be used to better establish the receptive field of each ORN.
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Decision letter

Calabrese

Ronald L

Reviewing editor

Emory University

,

United States

In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your work entitled \"The wiring diagram of a glomerular olfactory system\" for consideration by *eLife*. Your article has been favorably evaluated by K VijayRaghavan (Senior editor) and three reviewers, one of whom, Ronald L. Calabrese, is a member of our Board of Reviewing Editors.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The authors present an em-level reconstruction of the complete wiring diagram of the left and right antennal lobes of *Drosophila* larva. This feat in important genetic model organisms is a first and is also a necessary step in the detailed experimental and theoretical analyses of circuit function bridging the gap between circuits and behavior. This work is informed by a multitude of physiological studies (albeit mainly in adults) of olfactory lobe function and analyses of behavior especially chemotaxis in the larva. The beauty and elegance of the work is hard to overstate, and its impact will be felt far into the future especially in the field of olfaction.

The work builds on methods previously published in *eLife* by the Cardona group and those methods are consequently only cursorily described in this manuscript and no primary em data is shown. Nevertheless, the figures presented are detailed and convincing and supported by ample supplemental data (these could be better integrated into the main text). Quantification of synaptic contacts is abundant and presented in easy to read tables, and enhanced by intuitive \'functional\' circuit diagrams. Writing is succinct and clear.

The work opens the *Drosophila* larval model for further analyses of chemotaxis at the cellular, network, and behavioral level and complements studies in more complex vertebrate systems where identified neurons are less defined or accessible and genetic techniques less developed. The paper as presented is compelling and should be of interest to a wide range of neuroscientists, especially those studying olfaction and orientation/taxes in stimulus gradients.

Essential revisions:

The reviewers were all in agreement about the elegance and impact of the work, but were concerned about the blurring of the lines of the structure (elegantly explicated) and the *putative* function. The manuscript should be revised to more clearly delineate the boundary. The raw comments of the reviewers are provided to guide the revision process.

*Reviewer \#1:*

1\) While the writing is very clear, the Results section is difficult to read because of the tremendous amount of data presented and complexity of the functional arguments. This is not helped by the picky and choosy designations for LNs; please give more functional names to these types -- trio and duo are hard enough to keep straight. Do everything possible to refer to the figures directly when making functional arguments.

2\) While the complete wiring diagram of such a complex network is a tremendous feat for which the authors are to be congratulated and it is a necessary step for understanding network function, it is not sufficient for understanding network function, and the authors should be more circumspect in making functional claims, especially in the Abstract.

*Reviewer \#2:*

1\) Abstract: What exactly is meant by the term \"internalized valences\"?

2\) Abstract: The authors mention that a wiring diagram with synaptic resolution is \"unknown for any glomerular olfactory system\". A synaptic connectivity diagram has been published for several glomeruli in the adult fly by Rybak et al. (J Comp Neurol. 2016 Jan 18. doi: 10.1002/cne.23966). Since this work has been published only recently, it might have escaped the authors\' attention. But this publication should definitely be cited and mentioned in detail. The strength of the present manuscript relies on the completeness of the larval antennal lobe, and this could be pointed out instead.

3\) Abstract: The authors refer to the mushroom body as \"the learning and memory center\" and to the lateral horn as the \"center for innate behaviors\". This is certainly oversimplified, and actually wrong. The mushroom body is, at least in adult flies, involved in innate behaviors, and there is no evidence for the lateral horn not to play a role in learning and memory.

4\) Abstract: The authors draw the conclusion from the synaptic wiring between local neurons that multiglomerular projection neurons \"extract complex features from odor space\". First, from anatomical data one can certainly formulate hypotheses about the physiological function of the network. However, such hypotheses have to be tested physiologically before a firm conclusion can be drawn. Second, it remains unclear which \'complex features\' the authors refer to, and how they are \'extracted\'.

5\) Introduction: The authors write that projection neurons targeting two brain areas are common between vertebrates and invertebrates. I suggest writing \"mammals and insects\", because there are too many invertebrates in which this is not the case, and I am not sure whether it is true for all vertebrates.

6\) The authors state that one brain area is associated with learning and memory, and the other with innate behavior. For the insect mushroom body and the lateral horn, see comment 3 above. For the amygdala and the piriform cortex, this is also not true. The amygdala is well known to be involved in certain types of associative learning, and the piriform cortex is likely to be involved in innate behavior as well.

7\) Introduction: The authors mention that a wiring diagram with synaptic resolution is \"unknown for any glomerular olfactory system\". See comment 2 above.

8\) Introduction: The authors should mention in the Introduction that in *Drosophila* there are first, second and third instar larvae. Most behavioral studies have been done in third instar larvae, whereas this study refers to a dataset obtained from a first instar larva. It should be mentioned if the olfactory systems of these different instars differ.

9\) Introduction: The authors mention that ORN responses \"represent both the first derivative of the odor concentration and the intensity of the odor\". First, ORNs do not only encode the first derivate of odor concentration (i.e., its change over time), but also its actual time course. Second, I do not understand the difference between odor concentration and odor intensity. Third, one has to carefully differentiate between \'odorant\' (i.e., the chemical compound) and \'odor\' (i.e., the neuronal representation of the stimulus evoked by the odorant).

10\) Introduction: The authors correctly and cautiously state: \"the LNs structure a circuit that *putatively* implements a bistable inhibitory system\". Then they continue that \"one state computes odor saliency\". What exactly does saliency mean? Do the authors refer to the ability of the stimulus to provoke a behavioral response? If so, this statement should also be toned down as it is a hypothetical assumption. The same applies to the second state. Please separate more clearly your anatomical findings from potential functions of the circuitry.

11\) Results: Please do not refer to the mushroom body as a center for learning and memory in contrast to the lateral horn (see comment 3).

12\) Results: The authors state that duet LNs play a \"far stronger role in postsynaptic inhibition\". Actually, the result is that those duet neurons have more synapses onto PNs than the trio LNs. All conclusions beyond that are hypothetical, i.e., how strong the inhibition of the postsynaptic neuron actually is.

13\) Results: The subheading \"Extracting features from odor space at the first synapse\" refers to too speculative interpretation of the anatomical data.

14\) Results: The terms \'Choosy LNs\' and \'Picky LNs\' I found somehow confusing. Choosy LNs are GABergic, and Picky LNs mostly glutamatergic, correct? Both names indicate that they selectively innervate only few glomeruli. Maybe one can give them names that are more indicative of their differential connectivity.

15\) Results: The authors state that \"Picky LNs may select for ORNs that are similar in a dimension other than odor preference\". I assume the authors mean the array of odorants binding to the receptors (\'odorant selectivity\' or \"odorant binding profile\"), because with \"odor preference\" I intuitively think of the animals\' behavior.

16\) Results: The authors often use the term \'feature\', and it is not really clear what exactly that means. Perhaps one could replace that term with \"combinations of ORN inputs\".

17\) Results: The subheading \"Non-ORN sensory neurons and interactions among LNs can alter the operational state of the olfactory system\" is too speculative.

Operational states the authors have not investigated here. And in the entire Results section, I suggest that the authors make clear what they have analyzed (anatomical connectivity) and what is a potential interpretation (functional consequences from the circuitry, e.g., which neuron might provide stronger or weaker inhibition).

18\) Discussion: This section is perfectly clear.

19\) The reader might wonder why in this anatomical study EM pictures are not included. I suggest that an indication that this work is based on a published EM stack, and that the volume used here is available online, could appear already early in the manuscript. The authors indicate that only in the Materials and methods section.

Reviewer \#3:

In Figure 1---figure supplement 2 ORN synapses are rendered in the same color as the skeleton. This is not very helpful, since it is not clear what is a synapse and what is part of the arbor.

\"Therefore Broad LNs may keep the entire olfactory system within the dynamic range to remain responsive to changes in odor intensities.\" Consider rephrasing. It is not that these neurons keep the system within the dynamic range, but rather these properties define the dynamic range. Same later in the text, when the authors state: \"to maintain uPN output within the dynamic range\".

\"Importantly, Broad LNs also synapse onto each other (Figure 2C, E) like in the adult (Okada et al., 2009), suggestive of a mechanism for sequential recruitment as overall stimulus intensity increases\". It is not clear how this would work given that LNs are inhibitory. Please explain.

Figures 2 and 3: order of panel E and D is switched.

It is hard to understand from the text how Choosy LNs that are driven by only a small subset of glomeruli can drive postsynaptic inhibition of most other glomeruli. Inspecting Figure 3---figure supplement 1 reveals that Choosy LNs receive ORN input in 9 glomeruli, but synapse on uPNs in 17 glomeruli. This should be explained more clearly.

10.7554/eLife.14859.022

Author response

Essential revisions:

The reviewers were all in agreement about the elegance and impact of the work, but were concerned about the blurring of the lines of the structure (elegantly explicated) and the putative function. The manuscript should be revised to more clearly delineate the boundary. The raw comments of the reviewers are provided to guide the revision process.

Reviewer \#1:

1\) While the writing is very clear, the Results section is difficult to read because of the tremendous amount of data presented and complexity of the functional arguments. This is not helped by the picky and choosy designations for LNs; please give more functional names to these types -- trio and duo are hard enough to keep straight. Do everything possible to refer to the figures directly when making functional arguments.

2\) While the complete wiring diagram of such a complex network is a tremendous feat for which the authors are to be congratulated and it is a necessary step for understanding network function, it is not sufficient for understanding network function, and the authors should be more circumspect in making functional claims, especially in the Abstract.

We agree with the reviewer about the need to clearly separate the wiring diagram from our interpretation of it. We took an approach that intermingled the description of particular novel aspects of the wiring diagram of the antennal lobe with their interpretation, with the goal of facilitating understanding of each module separately, by providing both the context from the literature, which is rich in behavioral and functional data, and our synthesis that led us to formulate specific hypotheses about circuit functions. Writing in this way enabled our many informal reviewers prior to submission to *eLife* to better follow the results, building up one piece at a time. We have realized that this approach has led to specific instances where the line was blurred between data and interpretation, and we thank the reviewer for identifying these. We have expanded the text and clarified these instances as is appropriate.

To address this, we reworded multiple sections of the paper to clarify that functional conclusions are derived from the synaptic connectivity, neurotransmitter signatures, circuit structure, and prior published work. We followed the same strategy to combine our novel circuit data with the published data, with the goal of proposing a set of hypotheses for future experiments.

We understand the overwhelmingness of the number of neurons and therefore the issues that arise with naming them, for which we chose the way that proved least confusing even to ourselves. In the case of Picky and Choosy LNs, which was already raised by our colleague Leslie Vosshall in a public review in biorxiv, we understand that the names are rather interchangeable. But this is on purpose: these two neuron types, while deriving from different neurons lineages and presenting different neurotransmitters (which makes them deserving of different names), their connectivity is similar in that they both integrate inputs from a selective subset of ORNs and synapse onto a subset of PNs. To address the potential confusion, we have introduced a number of changes. First, we have changed a previously supplemental figure into a main figure (the revised manuscript's Figure 2). This figure clearly shows the differences in the synaptic partners for the picky and choosy LNs. Additionally, we added an extra figure supplement to Figure 1 (Figure 1---figure supplement 5) that illustrates the different lineages of all 14 of the LNs. The figure makes it clear that Broad LNs, Choosy LNs, Picky LNs, Ventral LN, and Keystone belong to different developmental lineages. Additionally, we have added an extra paragraph describing the differences between LN types before we discuss their functional roles in the circuits of the antennal lobe. Finally, we have added additional language when reintroducing the Picky and Choosy LNs that highlights the differences between the 2 LN types (glutamate vs. GABA; targeting very few uPNs vs. targeting most uPNs; different developmental lineages). We hope that this will clarify the different characteristics of these two cell types and justifies their names.

Reviewer \#2:

1\) Abstract: What exactly is meant by the term \"internalized valences\"?

When we say "internalized valences," we meant both learned valences (via associative learning) and innate valences (learned via evolution), such as appetitive or aversive. We replaced "internalized" with "learned and innate", to make it more explicit. The use of "valence" is standard in the field, see for example:

Anderson, Adam K., et al. \"Dissociated neural representations of intensity and valence in human olfaction.\" Nature neuroscience 6.2 (2003): 196-202.

Zelano, C., et al. \"Dissociated representations of irritation and valence in human primary olfactory cortex.\" Journal of neurophysiology97.3 (2007): 1969-1976.

2\) Abstract: The authors mention that a wiring diagram with synaptic resolution is \"unknown for any glomerular olfactory system\". A synaptic connectivity diagram has been published for several glomeruli in the adult fly by Rybak et al. (J Comp Neurol. 2016 Jan 18. doi: 10.1002/cne.23966). Since this work has been published only recently, it might have escaped the authors\' attention. But this publication should definitely be cited and mentioned in detail. The strength of the present manuscript relies on the completeness of the larval antennal lobe, and this could be pointed out instead.

(See also related points 7 and 11) Thank you for bringing this very recent paper to our attention. We now have read the Rybak et al. paper and incorporated its findings into our interpretation of the wiring diagram. In the Introduction, we state that while the connectivity of a few glomeruli has been partially reconstructed in the adult fly, what we are presenting is the complete number and morphology of cell types as well as the complete circuit structure with synaptic resolution, along with neurotransmitters of the LNs. Since LNs in the Rybak paper are not fully reconstructed, interglomerular interactions (which is a major aspect of our paper) are only very partially addressed. For this reason, we cite Rybak two more times when talking about general intraglomerular LN-PN connections in the uniglomerular circuit: both when discussing connections between LNs and PNs and proximal vs distal connections of ORNs and LNs onto PNs (uPNs).

3\) Abstract: The authors refer to the mushroom body as \"the learning and memory center\" and to the lateral horn as the \"center for innate behaviors\". This is certainly oversimplified, and actually wrong. The mushroom body is, at least in adult flies, involved in innate behaviors, and there is no evidence for the lateral horn not to play a role in learning and memory.

(See also point 6) We have changed the language of the paper when referring to the mushroom body and lateral horn. To clarify that these roles are not the exclusive roles of these brain regions, we now say that the mushroom body is "required" for learning and memory (based on de Belle & Heisenberg, 1994), and that the lateral horn is "implicated in" or "mediates some" innate behaviors (as shown in numerous papers where removing the mushroom body does not remove the subset of innate behaviors under study). Furthermore, to indicate that what motivated our simplification -- with the understanding that our wording was a simplification -- is that many leaders in the field use this shorthand way of referring to the MB and LH in papers and talks.

4\) Abstract: The authors draw the conclusion from the synaptic wiring between local neurons that multiglomerular projection neurons \"extract complex features from odor space\". First, from anatomical data one can certainly formulate hypotheses about the physiological function of the network. However, such hypotheses have to be tested physiologically before a firm conclusion can be drawn. Second, it remains unclear which \"complex features\" the authors refer to, and how they are \"extracted\".

Generally, we have changed the language when referring to functional roles of the circuitry to better clarify that we are hypothesizing based on synaptic connectivity and circuit structure. When we refer to "features from odor space," we are talking about the pattern where a set of ORNs connect to a specific mPN and Picky LNs within the multiglomerular circuit, and how the collective activity of these ORNs can putatively represent a specific olfactory object (in odor space) such as a particular food, a predator, etc. We discuss specific features when talking about the putative functions of certain mPNs, such as: overall odorant concentration, odorant type (aromatic vs. aliphatic), and valence (clustering ORNs that respond to aversive compounds or ORNs that produce aversive behavior when optogenetically activated). The "extraction" is the interesting task here: we found that this could take place at the first synapse, because of the presence of multiglomerular neurons that might combine information in sophisticated ways involving lateral interactions between glomeruli mediated by inhibitory LNs. We have completely rewritten the Abstract to comply with space limits and took the opportunity to more carefully focus the emphasis on the circuit motifs rather than our interpretation of them.

5\) Introduction: The authors write that projection neurons targeting two brain areas are common between vertebrates and invertebrates. I suggest writing \"mammals and insects\", because there are too many invertebrates in which this is not the case, and I am not sure whether it is true for all vertebrates.

We consider that most non-parasitic invertebrates follow this pattern, and that all vertebrates (not chordates) follow this pattern as well. In any case we have no axe to grind here and have changed the manuscript to say "mammals and insects", which are the groups to which the species cited in the manuscript belong.

6\) The authors state that one brain area is associated with learning and memory, and the other with innate behavior. For the insect mushroom body and the lateral horn, see comment 3 above. For the amygdala and the piriform cortex, this is also not true. The amygdala is well known to be involved in certain types of associative learning, and the piriform cortex is likely to be involved in innate behavior as well.

See related comment to point 3 above.

7\) Introduction: The authors mention that a wiring diagram with synaptic resolution is \"unknown for any glomerular olfactory system\". See comment 2 above.

See comment 2 above.

8\) Introduction: The authors should mention in the Introduction that in Drosophila there are first, second and third instar larvae. Most behavioral studies have been done in third instar larvae, whereas this study refers to a dataset obtained from a first instar larva. It should be mentioned if the olfactory systems of these different instars differ.

We now mention that most behavioral experiments are done in 2nd and 3rd instar larvae and that the EM volume is of a 1st instar larvae.

9\) Introduction: The authors mention that ORN responses \"represent both the first derivative of the odor concentration and the intensity of the odor\". First, ORNs do not only encode the first derivate of odor concentration (i.e., its change over time), but also its actual time course. Second, I do not understand the difference between odor concentration and odor intensity. Third, one has to carefully differentiate between \"odorant\" (i.e., the chemical compound) and \"odor\" (i.e., the neuronal representation of the stimulus evoked by the odorant).

First, thanks for pointing out the confusion between odor and odorant. Indeed, the dictionary is clear on these, yet the literature not so much. At least one paper in *C. elegans* (Albrecht, Dirk R., and Cornelia I. Bargmann. \"High-content behavioral analysis of *Caenorhabditis elegans* in precise spatiotemporal chemical environments.\" Nature methods 8.7 (2011): 599-605.) and many others in the field use "odor gradient" and "odor ramp" when, by the reviewer's view, they should read "odorant gradient" and "odorant ramp." To address this, we have inspected every instance of "odor" and replaced with odorant when appropriate. Second, we now say that the ORN responds to "both the first derivative of the odorant concentration and the time course of the odorant concentration itself."

10\) Introduction: The authors correctly and cautiously state: \"the LNs structure a circuit that putatively implements a bistable inhibitory system\". Then they continue that \"one state computes odor saliency\". What exactly does saliency mean? Do the authors refer to the ability of the stimulus to provoke a behavioral response? If so, this statement should also be toned down as it is a hypothetical assumption. The same applies to the second state. Please separate more clearly your anatomical findings from potential functions of the circuitry.

Saliency with respect to odors is that the odor, as represented by neural circuit activity, dominates said activity at the expense of other odors. The reason that panglomerular inhibition could lead to odor saliency, is that it would dampen weak ORN responses in favor of stronger ones indiscriminately (since the inhibition is panglomerular). If inhibition is not panglomerular, one would not necessarily promote saliency of the strongest odor with respect to the weaker ones. Saliency is produced by contrast-generating mechanisms that amplify small differences into larger ones, and lateral inhibition is known to play this role in the antennal lobe and many other neuropils. We aren't referring to behavioral responses. Still, we have made it clearer that our conclusions are hypotheses based on the synaptic connectivity and circuit structure.

*11) Results: Please do not refer to the mushroom body as a center for learning and memory in contrast to the lateral horn (see comment 3).*

See our response to comment 3 above.

*12) Results: The authors state that duet LNs play a \"far stronger role in postsynaptic inhibition\". Actually, the result is that those duet neurons have more synapses onto PNs than the trio LNs. All conclusions beyond that are hypothetical, i.e., how strong the inhibition of the postsynaptic neuron actually is.*

We now make it clearer that our conclusion of a stronger role in postsynaptic inhibition for the Duet is due to the fact that the Duet makes far more synapses onto the dendrites of the uPNs than the Trio does. We state that this may indicate a far stronger role in postsynaptic inhibition. Our initial stronger statement was motivated by the fact that experimental evidence from our labs show that in the larva an excitatory connection with more synapses indicates a stronger connection. We understand that this knowledge is neither widespread nor included in this manuscript, and therefore we adjusted our statement accordingly. In vertebrates it is known that larger synapses, with large synaptic surfaces, are associated with stronger connections. In the larva most synapses are similarly sized as can be seen from electron microscopy, and perhaps someone will eventually demonstrate that most individual morphological synapses have a similar strength.

13\) Results: The subheading \"Extracting features from odor space at the first synapse\" refers to too speculative interpretation of the anatomical data.

We have changed this subheading to be "Multiglomerular System" instead. This better mirrors the subheading "Uniglomerular System" that was used earlier in the manuscript. We feel, though, that this diminishes the summarizing opportunity of subheadings, which is that our interpretation of mPNs is that they extract features from odor space at the first synapse. The combination of multiple ORNs into a single postsynaptic arbor, with the added complexity of LNs mediating lateral interactions among glomeruli, suggests exactly that. If the reviewer does not strongly object, we'd rather keep the prior subheading, which better summarizes our interpretation of the data.

*14) Results: The terms \"Choosy LNs\" and \"Picky LNs\" I found somehow confusing. Choosy LNs are GABergic, and Picky LNs mostly glutamatergic, correct? Both names indicate that they selectively innervate only few glomeruli. Maybe one can give them names that are more indicative of their differential connectivity.*

See our response to the essential revisions/review 1 with respect to Picky and Choosy LNs. We have added substantial text clarifying the difference between the two types of LNs.

15\) Results: The authors state that \"Picky LNs may select for ORNs that are similar in a dimension other than odor preference\". I assume the authors mean the array of odorants binding to the receptors (\"odorant selectivity\" or \"odorant binding profile\"), because with \"odor preference\" I intuitively think of the animals\' behavior.

We have made this sentence clearer by saying "odorant binding profile," like the reviewer suggests.

*16) Results: The authors often use the term \"feature\", and it is not really clear what exactly that means. Perhaps one could replace that term with \"combinations of ORN inputs\".*

When we say "features," we are referring to what the combination of ORN inputs putatively mean. What do the inputs have in common? For example, one of the Picky LNs preferentially receives inputs from ORNs that respond to aromatic compounds. A possible feature being extracted would be "aromatic odor" that might be predictive of the presence of food.

17\) Results: The subheading \"Non-ORN sensory neurons and interactions among LNs can alter the operational state of the olfactory system\" is too speculative.

Operational states the authors have not investigated here. And in the entire Results section, I suggest that the authors make clear what they have analyzed (anatomical connectivity) and what is a potential interpretation (functional consequences from the circuitry, e.g., which neuron might provide stronger or weaker inhibition).

For this subheading, we changed the word "can" to "could" to make it clear that what we are presenting is putative. We have also added additional language in this section as well as throughout the entire manuscript to make it clear that the functional roles to the circuits are putative and derived from the connectivity and neurotransmitter signatures that we have presented, and the existing deep literature on olfactory LNs, particularly from the Rachel Wilson lab in adult fly.

*18) Discussion: This section is perfectly clear.*

Thank you.

*19) The reader might wonder why in this anatomical study EM pictures are not included. I suggest that an indication that this work is based on a published EM stack, and that the volume used here is available online, could appear already early in the manuscript. The authors indicate that only in the Materials and methods section.*

We have added an additional figure supplement to Figure 1 that presents EM slices and points out cell types and synapses. We have also created an entire section early in the manuscript that discusses the EM dataset, bringing in information that before was present in the Materials and methods.

Reviewer \#3:

In Figure 1---figures supplement 2 ORN synapses are rendered in the same color as the skeleton. This is not very helpful, since it is not clear what is a synapse and what is part of the arbor.

\"Therefore Broad LNs may keep the entire olfactory system within the dynamic range to remain responsive to changes in odor intensities.\" Consider rephrasing. It is not that these neurons keep the system within the dynamic range, but rather these properties define the dynamic range. Same later in the text, when the authors state: \"to maintain uPN output within the dynamic range\".

\"Importantly, Broad LNs also synapse onto each other (Figure 2C, E) like in the adult (Okada et al., 2009), suggestive of a mechanism for sequential recruitment as overall stimulus intensity increases\". It is not clear how this would work given that LNs are inhibitory. Please explain.

Figures 2 and 3: order of panel E and D is switched.

It is hard to understand from the text how Choosy LNs that are driven by only a small subset of glomeruli can drive postsynaptic inhibition of most other glomeruli. Inspecting Figure3---figure supplement 1 reveals that Choosy LNs receive ORN input in 9 glomeruli, but synapse on uPNs in 17 glomeruli. This should be explained more clearly.

The reason why we render the ORN synapses in the same color as the ORN skeleton is that if we were to make the synapses all the same color (as we do in some other figures; cyan for postsynaptic, red for presynaptic), the entire antennal lobe, as projected to 2D, would appear as an incomprehensible mess of red and cyan lines. Rendering the synapses in the same color as the skeleton seems to best show the glomerular structure of the antennal lobe, as well as the spatial extent of the glomeruli. Since our tracing method represents neurons as single dots in a slice (the skeleton), showing the synapses as the same color of the ORN best allows us to see the spatial extent of the boutons of the ORN and the ORNs relative location in the antennal lobe for identification, which is the main point of that figure. We will in any case offer the skeletons along with the EM online, accessible with a web browser at the Open Connectome Project website.

We removed the hypothesis about Broad LNs being sequentially recruited since we think that this most needs more physiological experiments to verify it.

Thanks for helping us make the statement about dynamic range more precise. We have rephrased it following your suggestion that the inhibitory LNs define the dynamic range within which PNs respond to odors.

The panels D and E for Figures 2 and 3are not mislabeled, it is just that the figure panels best fit within the constraints of the figure this way.

Multiple changes in language were added to make the distinction between Choosy LNs and Picky LNs clear (see the response to reviewer 1). To address the specific point of this reviewer about Choosy LNs being able to receive inputs from only a few glomeruli put synapse onto the uPNs of most glomeruli, we clarified that Choosy LNs present axons with separate dendritic and axonal arbors. This allows the neuron to a small dendritic arbor that is selective, and a large axonal arbor that targets the uPNs of most glomeruli.

[^1]: Fly Base, Harvard University, Cambridge, United States.

[^2]: These authors contributed equally to this work.
